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USING UNSTEADY CRITERIA FOR THE INITIATION OF MOTION 
 
 
Morteza Kolahdoozan1, Hanifeh Imanian2 and Roger A. Falconer3 
 
 
ABSTRACT 
 
Details are given herein of the refinement and application of a two-dimensional depth integrated 
numerical model to predict geo-morphological changes in tidal basins. An Alternating Direction 
Implicit finite difference algorithm has been used for solving the governing differential equations, 
which consist of the conservation of mass and momentum for the hydrodynamics, the transport 
equation for suspended sediment fluxes and the sediment mass conservation equation for bed level 
changes. The model includes several criteria for the initiation of motion (i.e. Shields (1936), 
Kolahdoozan (1999) and Zanke (2003)). As the flow is highly turbulent, and its components have a 
random nature, many researchers have tried to express the sediment transport processes by using 
stochastic approaches. In the current study, both deterministic and stochastic methods were included 
in the numerical model to show their accuracy and efficiency. To evaluate the numerical model 
results laboratory measurements were used, obtained from an earlier experimental programme. In 
these evaluations long term bed level changes in a laboratory model harbour were used for 
verification of the model. Comparisons were made using different criteria for the initiation of 
motion, with the results highlighting that the unsteadiness in the flow parameters included in the 
numerical models had a major effect on the bed level changes in comparison with the turbulence 
structure of the flow. 
 
 
1. INTRODUCTION 
 
One of the key processes in sediment transport mechanics is how to define the critical conditions for 
the initiation of sediment motion.  Different researchers such as Shields, White, Gessler, Delft 
Hydraulics, Graf and Paris, Kolahdoozan (1999), Hager and Oliveto (2002), Aguirre-Pe et al (2003) 
– to cite just a few, have introduced various criteria relating to a large number of parameters that 
affect the physical phenomena affecting the initiation of motion (i.e. turbulence, unsteadiness of 
flow, size, shape and characteristics of the sediment particles) [Van Rijn (1993), Kolahdoozan 
(1999), Hager and Oliveto (2002), Aguirre-Pe et al (2003)]. 
Many investigators have attempted to describe the initiation of sediment motion in a deterministic 
manner, in which the temporal mean shear stress governs sediment movement [Papanicolau et al 
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(2002)]. This approach is based on the assumption that a specific critical shear stress can be defined 
for each individual particle on the bed, which is then dislodged at this threshold condition. Shields 
research was pioneering in describing the threshold shear stress, with subsequent studies reported on 
the criteria for the initiation of motion including: White, Kalinske, Ippen and Verma, Lane, Bogardi, 
Shulits and Hilt, Gessler, Van Rijn (1993), and Kolahdoozan (1999). 
If the bed material consists of several sizes and the sediment particles are not uniform, which would 
invariably occur in field conditions, then for each hydrodynamic condition some fraction of the bed 
material may be below the threshold condition, while other particles on the bed may begin to move 
via the bed load or suspended load layers. When the larger fraction of sediment particles are below 
the initiation of motion, then the turbulence components of flow become dominant and the 
stochastic nature of bed load transport should be considered [Kleinhans and Van Rijn (2002)]. Due 
to fluctuations in the flow parameters, the initiation of motion has a random nature and can not be 
replicated directly as a deterministic event. For these conditions the turbulent stresses are 
responsible for the initiation of motion [Papanicolau et al (2002)]. In contrast to this conventional 
approach, several researchers, e.g. Van Rijn (1993), Cheng and Chiew (1999), Pilotti and Menduni 
(2001), Papanicolau et al (2002), Kleinhans and Van Rijn (2002) and Zanke (2003), have attempted 
to replace these parameters with a statistical distribution and express the behaviour of the initiation 
of motion as a stochastic phenomenon [Van Rijn (1993), Cheng and Chiew (1999), Pilotti and 
Menduni (2001), Papanicolau et al (2002), Kleinhans and Van Rijn (2002) and Zanke (2003)]. 
Although the theoretical basis for most of the above models accounts for the action of the 
instantaneous hydrodynamic forces, the final expressions of the proposed probability of entrainment 
have been simplified by considering the time-averaged (mean) component of these forces and 
ignoring contributions introduced by the fluctuating components of the flow [Papanicolau et al 
(2002)]. On the other hand, for unsteady fluid flow, as occurs for a tidal current in an estuary, not 
only are the forces acting on the particles due to flow parameters important, but so too are other 
parameters which introduce the effects of time dependency [Kolahdoozan, 1999]. 
In this study emphasis has been focused on attempting to compare different criteria for the initiation 
of motion (in combination with both deterministic and stochastic approaches) for idealized tidal 
basins. In undertaking these comparisons the widely used Van Rijn formula has been used for the 
equilibrium sediment transport condition, in combination with several criteria for the initiation of 
motion. 
The different methods selected are first outlined and attention focused on the key parameters for 
each criterion for the initiation of motion. 
 
2. INITIATION OF MOTION FORMULATIONS 
 
To acquire a better understanding of the physical phenomena governing the initiation of motion of 
sediment particles in tidal basins, three criteria have been selected from the literature and included in 
the sediment transport module of a numerical hydro-environmental model. Each of these criteria has 
focused on some properties of the flow and therefore the most important physical phenomena 
affecting the initiation of sediment motion can be obtained by comparing these criteria. 
One of the earliest and most widely used criteria for the initiation of motion is that of Shields 
(1936).  Shields measured the transport rates for bed shear stresses just larger than the critical values 
and then extrapolated the data to establish the stress corresponding to a transport rate, which he then 
back-correlated to a critical bed shear stress.  Subsequently Van Rijn (1993) divided the Shields 
curve into several sections and postulated the following formulations for the critical shear stress: 
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where crθ = critical mobility parameter and = particle parameter. *D
Although the Shields Criteria has been applied successfully to many practical studies, a number of 
studies have shown that there is a noticeable amount of mobile particles at shear stresses much 
smaller than the Shields criterion, see Gessler, Grass, Paintal, Delft Hydraulics, Bathurst et al 
(1982), Van Rijn (1993) and Paintal. According to extensive research undertaken by Delft 
Hydraulics (1972), the Shields curve represents the permanent grain movement for all locations 
along the bed surface [Kolahdoozan (1999)]. 
As the main objective of the current study has been to study morphological changes in tidal basins, 
then time dependency parameters also become significant.  Hence another formula has been applied 
in the model, which is based on a modified criterion that takes account of the unsteady nature of 
tidal flow and was originally introduced by Kolahdoozan (1999). According to his hypothesis the 
active forces on a sediment particle can be divided into both steady and unsteady components, in 
which unsteady components can be derived by means of Newton’s second law. To derive the 
acceleration of unsteady tidal flow, a sinusoidal wave was assumed.  
a d
dt
A tw= = − +
2
2 2
ζ
ω ω ϕsin( )                     (2) 
Equation (2) describes the acceleration due to tidal effects. In combining tide and current 
effects, the acceleration of a fluid particle can be expressed as: 
a A t u u
x
w= − + +ω ω ϕ
∂
∂2 sin( )           (3) 
And finally by using Newton’s second law of motion gives: 
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The unsteady force components in the horizontal and vertical direction can be written as: 
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Where ψ  = the angle between  and horizontal direction. Equations (5) and (6) should be 
combined with steady state drag and lift forces to include all flow conditions. 
USTF
Finally the critical bed shear stress for unsteady tidal flow can be developed to give [Kolahdoozan 
(1999), Kolahdoozan et. al (1998)]: 
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where = Chezy coefficient, LD = drag and lift coefficients, w = tidal wave amplitude, C CC , A ω = 
angular velocity, t = time, ϕ = tidal phase, = time-averaged velocity, u ψ = angle between the 
direction of force and a flat bed, φ = angle of repose of sediment particle and = coefficients. 321 ,, LLL
Recent studies have shown that the random nature of the near bed turbulence structure is a 
governing parameter in quantifying the sediment transport rate [Zanke (2003)]. Zanke (2003) 
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considered the influence of turbulence on the initiation of motion by assuming that the effective 
shear stress consists of a combination of the time-averaged and additional fluctuation components. 
The fluctuation component was replaced by a Gaussian probability distribution, with an average of 
zero and a standard deviation equal to three [Zanke (2003)]. 
The corresponding critical mobility parameter was expressed in terms of the angle of repose and the 
shear velocity giving a formulation of the following form [Zanke (2003)]: 
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where = influence of cohesive action:  and with the other parameters in the 
formula being given as: 
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where = diameter of particle, d H = water depth, rmsu′ = standard deviation, = time-averaged 
velocity at the grain level, = shear velocity and = roughness height. 
bu
*u sk
 
3. BED LOAD FORMULATIONS 
 
In order to estimate morphological changes close to the bed, it is necessary to calculate the bed load 
transport before calculating the suspended load fluxes. Two approaches have been considered in 
determining the bed load flux, namely a deterministic and a stochastic approach. 
 
3.1 Deterministic Approach 
 
Many formulae have been proposed by various researchers to predict the bed load flux using 
deterministic models, with the formulae introduced by Van Rijn (1984) being successfully used in a 
number of studies to predict sediment fluxes in tidal basin [Kolahdoozan (1999)]. According to Van 
Rijn formula, the bed load may be computed as a function of the flow conditions and the particle 
diameter for plane beds giving: 
  5 
( ) 1.23.0*5.1501053.0 TDdgsSb −⋅−=        (15) 
where = bed load, bS T = transport stage and = critical shear stress. Kleinhans and Van Rijn 
(2002) have since modified Equation (15) to give [Kleinhans and Van Rijn (1993)]: 
cru*
( ) 5.13.0*5.15011.0 TDdgsSb −⋅−=         (16) 
 
3.2 Stochastic Approach 
 
From physical considerations a stochastic approach is more realistic than a deterministic approach, 
particularly for conditions close to the initiation of motion as the random nature of the fluid forces 
caused by the turbulence are accounted for in the calculations [Van Rijn (1993)]. By assuming a 
Gaussian distribution for a probability density function for the grain shear stress (Figure 1), 
Kleinhans and Van Rijn (2002) proposed a stochastic predictor for the bed load transport giving 
[Kleinhans and Van Rijn (2002)]: 
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Figure 1 schematic illustration of statistical distribution 
 
where τ ′Δ = interval, τ ′= average of bed shear stress, C′ = grain Chezy coefficient and τσ ′ = 
standard deviation. Consequently, the bed load transport may be integrated over the whole 
probability density function, which is limited by cr  in both flow directionsj ττ φ′  (Figure 1). This 
integration may be formulated as follows: 
cr
crj
jT τ
ττ −′=        (18) 
jjjj
cr
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cr
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τ
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Eventually the stochastic bed load transport predictor is obtained giving: 
( ) Φ−= − 3.0*5.15011.0 DDgsSb       (20) 
 
4. EXPERIMENTAL SETUP 
 
For the validation and verification of the model, a laboratory experimental programme was carried 
out in the tidal basin at the University of Bradford [Kolahdoozan et. al (1998)]. This model was first 
 crτ τ ′Δjτ ′
j
Pτ ′  
crτ−  0
crττ −′ π
τ ′τ πcr  
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set-up to study the tidal currents and flushing characteristics within a rectangular harbour [Falconer 
and Chapman, (1996)]. The overall working area of the tidal basin was  m, with a square 
harbour being positioned on a level platform covering the full width of the tank and extending 3m 
out from the rear wall of the basin, as illustrated in Figure 2. The square harbour had a plan surface 
area of 1  m, with an entrance width of 60 mm in the current study. 
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Figure 2 Schematic illustration of the tidal basin 
 
Tides were generated using a variable elevation waste weir, driven by a computer and producing a 
sinusoidal wave with 300 s period and 100 mm tidal range. The tidal phase was set to π5.1 . 
The flat bed of the harbour was first covered with a uniform depth of non-cohesive bed material. 
After 24 repetitive model tides, the bed level changes inside the harbour were measured 
[Kolahdoozan (1999)]. 
From sediment grain distribution curve, the necessary sediment grain diameters required for the 
numerical model simulation were: = 0.165 mm, = 0.221 mm, = 0.267 mm, = 0.290 
mm. 
16D 50D 84D 90D
Figure 3 illustrates a typical bed level distribution occurring after 24 tides and due to the action of 
tides. The region of these changes is indicated in Figure 2 (hatched area). As can be seen in  
Figure 3, the bed level changes mainly occurred along the entrance centerline of the harbour, where 
a strong jet-flow was produced due to the narrow harbour entrance. Measurements were taken of a 
number of parameters, including: the depth inside the harbour and the tidal range. 
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Centerline 
Harbour 
entrance 
Figure 3 Typical bed level changes along the entrance centerline of the harbour 
 
5. NUMERICAL MODELLING DETAILS AND SIMULATIONS 
 
5.1 Governing Hydrodynamic Equations 
 
The governing equations used to describe the velocity distribution in estuarine and coastal waters are 
generally based on the 3-D Reynolds equations for incompressible, unsteady free surface turbulent 
flow. In 2-D depth integrated (or 2-DH) models for shallow water flow, the hydrostatic pressure 
distribution is assumed to apply in the vertical direction, with the inherent assumption that the 
vertical acceleration of the flow is much smaller than gravitational acceleration. As the water 
column can be assumed to be well mixed in many estuarine and coastal zones (including tidal 
basins), then the water density is also assumed to be constant throughout the domain. In applying 
these approximations, the governing depth integrated shallow water equations of mass and 
momentum transport can be written in their conservative form as follows [Lin and Falconer (1997)]: 
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where t= time, x, y=Cartesian co-ordinates, U, V= depth averaged components of velocity in the x, y 
directions respectively, P= pressure, ρ = density of water, f= coriolis parameter, g= acceleration due 
to gravity and  components of stress tensor in x-z and y-z planes respectively. =yzxz ττ ,
 
5.2 Sediment Transport Equations 
 
For the sediment transport sub-model, both suspended load and bed load transport have been 
included, with the sediment type depending upon the size and density of the bed material and the 
flow conditions. For predicting the suspended sediment concentration in estuarine and coastal 
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waters, the advective-diffusion equation is generally used. Thus, the depth integrated advective-
diffusion equation for suspended sediment transport can be written as [Kolahdoozan (1999)]: 
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where: C = depth averaged sediment concentration,  = particle settling velocity and ws =yx εε ,  
sediment mixing coefficients in x and y directions respectively. 
 
5.3 Bed Level Changes Equation 
 
Bed level changes can be described mathematically using the mass balance equation for sediment 
fluxes. In the two dimensional computational domain a control volume is assumed in the vertical 
direction of the water column. The depth integrated mass balance equation for sediment is generally 
written as [Kolahdoozan (1999)]: 
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where = bed level above datum, = depth averaged concentration, S total depth integrated 
transport composed of: 
zb c t =
s bS and S , where = bed load transport that is calculated with equations 
15, 16 or 20 and = depth integrated suspended load flux which may be written as: 
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5.4 Numerical Procedure 
 
The 2-D depth integrated DIVAST model, originally developed by Falconer et al., (1991) and 
refined by Lin and Falconer, (1997), has been used for both the hydrodynamic and sediment 
transport part of the model. For the hydrodynamic model the depth integrated continuity and 
momentum equations are first solved to define the water elevations and velocity patterns across the 
domain. In solving the above set of equations the Alternating Direction Implicit (ADI) finite 
difference method was used. 
As the accuracy of the sediment flux predictions is significant in terms of estimating bed level 
changes, then it is particularly important that a highly accurate scheme be used to solve the sediment 
transport equation. Since the advection terms (of order Δx−1 ) are likely to dominate over the 
diffusion terms (of order Δx−2 ) in estuarine and coastal waters, then an accurate scheme was used to 
discretize the advective transport terms. Based on a study carried out by Cahyono (1992), the 
ULTIMATE scheme, originally proposed by Leonard (1991), was found to be particularly attractive 
since it was more general than the other schemes considered and easier to apply. Lin and Falconer 
(1996) in their 2-D depth integrated estuarine model, used both splitting and non-splitting methods 
for the third order QUICKEST scheme, combined with the ULTIMATE limiter, to produce an 
algorithm for solute and sediment flux predictions [Lin and Falconer (1997) and Kolahdoozan et al 
(1998)]. In this study, the ULTIMATE QUICKEST scheme was also used to represent the advection 
terms in the sediment transport sub-model. 
For the bed level sub-model, the depth integrated mass balance equation was solved using an 
Alternating Direction Implicit finite difference method. It was assumed that in the two-dimensional 
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These three sets of equations have been solved together in an uncoupled model, resulting in 
predictions of the morphological developments in tidal basins. The Two-dimensional morphological 
model (GEO-DIVAST) was then refined to include three criteria for the initiation of motion, based 
on both deterministic and stochastic approaches. 
 
6. MODEL VERFICATION 
 
To verify the refined numerical model, the computational results have been compared with 
laboratory experimental measurements.  The case study undertaken was that due to tidal flushing 
simulations for an idealized rectangular harbour. Details of basin characteristics, hydrodynamic 
conditions and sediment properties were given in Section 4. 
The computational domain was 1.74× 1.74 m as illustrated in Figure 2. The mesh structure for the 
above region was carried out using a of 30× 30 mm rectangular grid, giving 57 57 grid cells.  Bed 
level changes were computed using two predictors, based on three criteria for the initiation of 
motion. Different modelling alternatives were used, as summarized in Table 1. 
×
 
Table 1 Different modelling alternatives 
Initiation of motion criteria 
Bed load predictors 
Shields Kolahdoozan Zanke 
Deterministic 1 2 3 
Stochastic 4 5 6 
 
The numerical model was applied to the above alternatives and for different hydraulic conditions 
(mainly for different initial water depths inside the harbour) and compared with the experimental 
measurements. Since most of the bed level changes occurred in the entrance vicinity of the harbour, 
measurements of the bed level changes were taken along the centerline of the harbour entrance, with 
graphs being produced along the same sections. In addition all results were compared after 24 tides. 
The results obtained for the different combination of deterministic bed load predictor and initiation 
of motion criteria are represented in Fig. 4 for 60 mm initial depth inside the harbour respectively. 
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Figure 4 Deterministic approach for initial water depth equals to 60mm 
 
From Figure 4 it can be concluded that Shields’ criteria failed to predict the bed level changes inside 
the harbour. In contrast Kolahdoozan’s criteria has reflected the periodic erosion and deposition 
along the harbour entrance centerline except in the immediate vicinity of the entrance. Finally, 
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although Zanke’s criteria predicted the measured erosion and deposition in the vicinity of the 
harbour entrance more accurately, it did not predict the corresponding bed level changes further into 
the harbour. 
The different initiation of motion criteria using a stochastic bed load predictor were then included in 
the numerical model. From these simulations Figure 5 illustrates the related results obtained for the 
60 mm initial water depth cases within the harbour respectively. 
-1
-0.5
0
0.5
1
1.5
2
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
Distance from Entrance (cm)
B
ed
 L
ev
el
 C
ha
ng
es
 (c
m
)
exp Zanke,Stoch
Shields,Stoch Kolahdoozan,Stoch
 
Figure 5 Stochastic approach for initial water depth equals to 60mm 
 
From Figure 5 it can be concluded that the Shields and Zanke criteria have only enabled the 
measured initial erosion and deposition bed level changes to be predicted, whereas the Kolahdoozan 
criteria has also enabled the consecutive erosion and deposition measured bed changes to be 
predicted. 
A comparison of the measured and numerical model predicted results illustrated in Figures 4 and 5 
showed that the bed level change predictions obtained using the Kolahdoozan criteria for the 
initiation of motion were more realistic than the predictions obtained using the other two criteria, 
and for the scaled model tidal basins considered. To establish the most suitable approach between 
using either a deterministic or stochastic method, the results obtained from using the Kolahdoozan 
criteria for the current study were reproduced in Figure 6, for the 60mm initial depth inside the 
harbour. From these figure it can be concluded that the stochastic approach was more stable and 
accurate than the deterministic method. 
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Figure 6 Comparison between deterministic and stochastic predictions of bed level changes  
 
6. CONCLUSIONS 
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A new model for the initiation of motion has been formulated by Kolahdoozan (1999) which takes 
account of the time dependency of the flow for tidal predictions and assuming a sinusoidal tide. This 
model has been included in both deterministic and stochastic algorithms for predicting sediment 
transport fluxes and has then been extended to enable long term bed level changes to be predicted 
within scaled model tidal basins. 
The numerical model results obtained by applying three different criteria for the initiation of motion 
to a model tidal basin have shown that the new Kolahdoozan criteria for the initiation of motion 
(including unsteady forces arising from tidal currents) gives more realistic predictions of the bed 
level changes than the results obtained from either the Shields or Zanke (which included turbulence 
fluctuations near the bed) criteria for the initiation of sediment motion. Also the Kolahdoozan 
criteria performed well using both the deterministic and stochastic approaches considered, however 
the stochastic approach was found to be more stable and accurate in comparison to the deterministic 
approach. From the comparisons between the laboratory measured and numerical model predicted 
bed level changes reported herein, it can be concluded that for the conditions tested in the current 
study the main hydrodynamic phenomena which affect the sediment transport, and consecutively the 
bed level changes, was the unsteady tidal component forces acting on the sediment particles resting 
on the bed. This algorithm is generic and is currently being used for prototype numerical model 
simulations and predictions of tidally induced morphological changes in estuarine and coastal 
waters. 
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LIST OF SYMBOLS 
 
a = acceleration of a fluid particle u = time-averaged velocity 
wA = tidal wave amplitude rmsu′ = standard deviation 
c = depth averaged sediment concentration bu = time-averaged velocity at the grain level 
= Chezy coefficient *u = shear velocity C
= drag and lift coefficients cru* = critical shear stress. LD CC ,
= grain Chezy coefficient U, V= depth averaged components of velocity in the x, 
y direction 
C′
= diameter of particle x, y=Cartesian co-ordinates d
*D = particle parameter ws  = particle settling velocity 
E= Source term zb = bed level above datum 
f= coriolis parameter =yx εε ,  sediment mixing coefficients in x and y 
directions 
g= acceleration due to gravity ϕ = tidal phase 
H = water depth φ = angle of repose of sediment particle 
= influence of cohesive action tν = eddy viscosity k
= roughness height crθ = critical mobility parameter sk
= coefficients ρ = density of water 321 ,, LLL
P = proportion of statistical distribution τσ ′ = standard deviation 
P= pressure =yzxz ττ ,  components of stress tensor in x-z and y-z 
planes 
St = total depth integrated transport  τ ′= average of bed shear stress 
= bed load transport  τ ′Δ = interval bS
= depth integrated suspended load ω = angular velocity sS
= time ψ = angle between the direction of force and a flat bed t
= transport stage ζ  = water elevation above datum T
 
